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ABSTRACT

Atmospheric tritium precipitated in rainfall has been measured since 1962 in samples from a network of
Australian monitoring stations. Atmospheric thermonuclear bomb tests have injected into the atmosphere
about 350 kg of tritium, mostly into the northern hemisphere’s troposphere and stratosphere, causing
atmospheric concentrations of tritium to reach peak values of 50 to 100 tritium units (TU) in the southern
hemisphere. Tritium from underground testing has not contributed significantly to the amounts in the
atmosphere or in surface waters. In Australia, peak concentrations of precipitated tritium were observed in
1962, 1964 and 1969. The tritium activity in rainwater for all Australian stations decreased after 1969.
Radioactive decay of bomb tritium will decrease the tritium budget to the natural level by the early 1990s in
Australian precipitation. '
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EDITORIAL NOTE
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1. INTRODUCTION

Tritium (hydrogen-3) can be produced by a large number of natural and artificial processes. The
interaction of cosmic radiation with atmospheric oxygen and nitrogen in the troposphere is the most important
natural process (reactions 1-3) and the detonation of thermonuclear devices (reaction 4) is the most
important artificial process:

PN+n o5 M4+ {%C (1)
Bo+p - H+ %0 (2)
0 +0 - M+ {F 3)
a,Sli+a,H — a;sHe+a, 3He+agH+agn+a; $H (4)
where parameters ay- - ----- - a; are dependent on the weapon design.

Before the atmospheric testing of nuclear bombs, the total amount of tritium in the biosphere was in
equilibrium, that is, its global decay rate and global production were equal. From the few available samples
from pre-bomb times, and from estimates of the cosmic-ray flux and its interactions, it has been estimated
that the natural production rate is 0.5 + 0.3 nuclei per cm? of earth surface per second [Nir et al. 1966] or 1.5
% 10" Bq y~ [Eisenbud et al. 1978] and the equilibrium quantity was 2.6 x 10'® Bq or 7.3 kg.

Large amounts of tritium are also produced by ternary fission of uranium-235 and plutonium-239 in
nuclear reactors. About one in every ten thousand fission events yields a tritium atom which may be
released at the nuclear power plant or may not be released in significant amounts until the fuel rods are
reprocessed. Most modern nuclear plants release very little tritium to the local atmosphere.

Tritium has a half-life of 12.43 years [Unterweger et al. 1980] and decays to helium-3 with the emission
of a B~ particle of maximum energy 18.6 keV. The very small amount of tritium in natural waters led to the
definition of the tritium unit (TU), which corresponds to an atomic ratio of one atom of tritium for 10*8 atoms of
hydrogen. This unit is sometimes referred to as the tritium ratio (TR). The corresponding radioactivity in
water containing 1 TU is 0.118 Bq kg™' (3.19 pCi kg™" or 7.2 dpm kg™ in the previously used non-Sl units,
where dpm refers to [radioactive] disintegrations per minute).

2. SAMPLING PROGRAMS

During the past 25 years, a large number of rainwater samples from Australian stations has been
analysed. Monthly samples were collected from a world-wide network of rain sampling stations, operated by
the International Atomic Energy Agency (IAEA) and the World Meteorological Organisation [IAEA, 1969,
1970, 1971, 1973). The Australian Atomic Energy Commission (renamed the Australian Nuclear Science
and Technology Organisation in April 1987) has collected and analysed monthly rainwater samples from the
Australian network stations since 1970 [Calf et al. 1976, 1977; Calf and Stokes 1979, 1981, 1983, 1985,
1987]. Appendix A shows precipitation and tritium data for the Australian network from 1962 to 1986.

3. COSMIC-PRODUCED TRITIUM

Natural tritium is produced in larger quantities at high latitudes owing to the minor magnetic deviation of
charged cosmic particles (alpha and protons) which produce secondary neutrons by interaction with gas
molecules high in the atmosphere. After formation, tritium is rapidly oxidised into water, then removed from
the troposphere by precipitation [Fontes 1985]. The natural activity of tritium in precipitation is estimated to
be between 20 and 25 TU at high latitudes and about 4 TU in equatorial regions [Gat 1980].

4. BOMB TRITIUM

The yield of tritium in the fission process is approximately 1072 per cent [Albenesius 1959). The
production of 1 Mt of energy by fission requires 1.4 x 10% fissions and produces about 0.07 g (2.6 x 10'® Bq)
of tritium [Miskel 1973]. The yield of tritium from thermonuclear explosions (fusion) is between 0.7 and 5 kg
per megaton [Miskel 1964]. This quite wide range is due to variations in design and performance of
individual devices.

The thermal convection which occurs during atmospheric tests transports a large percentage of
radioactive nuclides and debris into the stratosphere. A world-wide pattern of global or stratospheric fallout is




-2.

produced, but it is largely confined to the hemisphere in which the detonation occurred since there is very
little mixing of air between the hemispheres, because of the laminar structure of the air masses and the
monodirectional winds which induce a general motion of rotation at the latitude of injection [Fontes 1985).

Most bomb tests were conducted north of the equator, the subsequent tritium yield being injected into the
northern hemisphere's troposphere. The residence time of tritium in the troposphere is 21 to 40 days,
whereas it has a residence time in the stratosphere of a few years [Eisenbud et al. 1979).

The first thermonuclear explosion occurred on 31 October 1952. Since that time, tests have included
both fission and fusion weapons; 521 nuclear devices were exploded between 1945 to 1981 [Morishima et al.
1985]. A voluntary moratorium existed from 30 October 1958 to 1 September 1962. The total yield from all
nuclear weapon tests from 1945 to 1962 is summarised in table 1 [Izrael and Stukin 1967]. The total tritium
produced in these tests was approximately 1.2 X 10% Bq (333 k).

TABLE 1

YIELDS FROM NUCLEAR WEAPON TESTS

Years Number of Total Fission  Fusion
Nuclear Yield Yield Yield
Explosions (M) {Mt) (Mt)

1945-1958 233 170 92 78

1959-1962 113 510 190 320

injections of tritium into the biosphere occurred as two main pulses, one from the 78 Mt of fusion in 1955
and the other from the 320 Mt of fusion in 1962. Shortly after the largest nuclear tests in the early '60s,
atmospheric concentrations of tritium peaked at 50 to 100 TU in the southern hemisphere, with slightly higher
values in some tropical regions, and 500 to more than 10 000 TU in the northern hemisphere.

Atmospheric testing was resumed by the USSR in September 1961 and underground testing by the
United States the same month. The limited test ban treaty took effect in 1962. Since this date, only France
and China have carried out atmospheric tests, totalling 64 nuclear explosions up to 1980 and accounting for
about 23 Mt of yield. France, conducted its first nuclear tests in 1960 and has conducted underground tests
since 1975. The People’s Republic of China exploded its first weapon in 1964. India, the sixth nation known
to have tested nuclear weaporis, conducted its first test in 1974. The total tritium produced by these tests is
approximately 1.1 x 10'? Bq (30 kg).

From 1962 to 1969, only rainwater from six stations was analysed by the IAEA for tritium activity.
Consequently, interpretation of peaks in tritium levels for any of these years is uncertain as one event can
greatly influence the yearly weighted mean. Results indicate that tritium from the 1962 atmospheric tests
was observed in the 1964 peak in Australian rainwater tritium activity, as shown in figures 1 and 2. The
1969 tritium peak in Australian rainwater is probably due to the French tests at the Mururoa test site in the
Pacific Ocean (figures 1 and 2).

It should be noted that only atmospheric detonations are significant as tritium from underground testing
has not added appreciably to the amount of tritium in the atmosphere and surface waters.

5. TRITIUM IN PRECIPITATION

In general, tritium concentration in precipitation is a factor of between 5 and 20 higher in the northern
hemisphere than in the southern hemisphere. Lowest concentrations are found about 10° south of the
equator. Coastal areas have much lower tritium activities than inland areas [Ferronsky and Palyakov 1982].
In Australia, the same situation occurs, as is shown by comparing tritium rainwater activities at Alice Springs
and Brisbane (figure 2). Seasonal variations of tritium in rainwater at any station in the network are similar
to those shown in the curve in figure 3, in which the tritium concentrations of monthly rainwater samples are
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Figure 1 Graph of the weighted mean of tritium activity in Australian rainwater (1962 to 1986). The
residual activity of rainwater tritium decayed to 1986 is shown. The amount of tritium in
precipitation as Bqm=2y ™' is also plotted.
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Figure 2 Graph of the weighted mean of tritium activity in rainwater for six Australian stations (1962 to
1986). '




plotted for Brisbane in Queensland.

The mechanisms of tritium movement from the stratosphere to the troposphere are not fully understood.
Several processes have been suggested such as diffusion through the tropopause (the transition layer
between the troposphere and the stratosphere at a height of about 12 km) and the sowing of convective
clouds which penetrate the stratosphere [Fontes 1985]. The main transfer probably occurs through
tropopause discontinuities or extrusions of the tropopause. These discontinuity zones appear seasonally at
the end of winter when polar and equatorial tropopauses begin their opposite migration towards the pole and
equator respectively. The result is a spring leak [Karol 1970] which is approximately three times the average
annual weighted activity (figure 3). The tropopauses move back at the end of autumn and give rise to a
winter valley with half the annual average activity.

In table 2 is shown the weighted mean of rainfall for the years 1962 to 1985, calculated from the yearly
precipitation totals for the 99 Australian rainfall districts. From the weighted mean of tritium activity in each

year's rainfall, the amount of tritium precipitated annually is expressed in both Bq m2y'andgy™.

TABLE 2

TRITIUM FALLOUT OVER THE AUSTRALIAN CONTINENT

Year Weighted Mean WeightedMean  Tritium in Precipitation

of Rainfall of Tritium
{mm) Activity in
Precipitation (Bgm2y™")  (@y™")
(TU)

1962 439 67.5 3497 75.4
1963 513 31.2 1887 25.6
1964 444 38.8 2033 43.9
1965 370 36.5 1588 34.5
1966 405 30.1 1438 31.0
1967 413 20.4 994 21.4
1968 544 221 1419 30.6
1969 416 26.9 1320 28.5
1970 386 22.6 1029 22.2
1971 570 17.8 1197 25.8
1972 360 14.3 607 13.1
1973 666 11.0 864 18.6
1974 742 8.7 762 16.4
1975 588 9.1 631 13.6
1976 514 6.9 418 9.0
1977 456 6.5 350 75
1978 508 7.0 420 9.1
1979 440 6.0 312 6.7
1980 423 5.4 270 5.8
1981 519 4.7 288 6.2
1982 403 5.0 238 5.1
1983 490 4.8 278 6.0
1984 543 4.3 276 6.0
1985 402 4.2 199 43

In the northern hemisphere, radioactive decay will decrease the tritium buciget to the natural level
approximately by the year 2030 [Eisenbud et al. 1979]. Figure 4 shows that the natural level of 4 TU will be
found in Australian rainwater by the early 1990s.
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Figure 4  Graph of the variation of tritium activity in Australian rainwater samples (1964 to 1986).
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6. THE USE OF TRITIUM IN AUSTRALIAN GROUNDWATER STUDIES

Tritium levels are often used as a means of evaluating water residence times. The last pre-bomb
precipation occurred in 1951-1952 when the tritium activity was 4 to 10 TU. By 1986, this activity range had
decayed to 1to 2 TU (figure 1).

The detailed interpretation of tritium activity in groundwater is usually so complex [Suess 1969] and
almost always ambiguous, that the tendency is to avoid designating specific ages for groundwater based on
tritium analyses. The most difficult and critical dating problem is to establish the original input of tritium as a
function of time. Because of the decrease in tritium in precipitation since the early '70s, recent recharge may
contain less tritium than waters precipitated some years before (figures 1 and 4). Furthermore, the mixing of
old water containing no tritium with water precipitated in the '60s may give rise to a higher tritium activity than
occurs in present-day recharge. A practical rule for identifying Australian groundwater is shown in table 3.

TABLE 3

INTERPRETATION OF TRITIUM ACTIVITY IN
AUSTRALIAN GROUNDWATER
(Mixing within aquifers is assumed to be negligible)

Activity (TU) Interpretation
Less than 0.2 Water is older than 50 years.
Less than 2.0 Water is older than 25 years.

Between 2 and 10 Interpretation is difficult;
water is probably modern.

Between 10 and 20  Wateris 15 to 25 years old.

More than 20 Probably related to waier from
peak fall-out period 1960-1964.

7. CONCLUSIONS
Australian rainwater samples exhibited the following characteristics:
(a) The yearly maximum tritium activity was observed around the period of late spring to early summer.

(b) Maximum annual tritium activity was observed in 1962. Northern hemisphere stations observed their
maximum in 1963 [Morishima et al. 1985].

() Continental stations always show higher weighted means of tritium activity than maritime stations. This
effect is usually attributed to the dilution of high tritium content water vapour with low tritium content
water vapour evaporated from the ocean surface.

(d) The tritium activity in rainwater for all Australian stations decreased after 1969.
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APPENDIX A

PRECIPITATION AND TRITIUM DATA FOR AUSTRALIAN SAMPLING STATIONS

ADELAIDE ALICE SPRINGS BRISBANE BUNDABERG CAMPBELLTOWN CAPE GRIM CHARLEVILLE CLAREDALL DARWIN
LATITUDE 34 575 23 493 27 285 24 528 34 055 40 415 26 258 19 355 12 258
LONGITUDE 138 32E 133 54E 153 028 152 21k 150 49E 144 41k 146 178 147 24 130 528
ELEVATION 6.0 m 545.0 m 38.0 m 14.0 w 75.0 m 94.0 m 303.9 m 16.0m  31.0m
1962 456 199 1050 1622
86.0 87.7
(41.0) (100.0)
1963 621 119 1255 1344
40.2 29.3 24.7
(98.1) (96.7) (76.6)
1964 556 11 1224 2489
107.3 44.7 35.4 245
(98.0)  {86.5) (100.0) (99.1)
1965 338 82 1042 1554
55.6 63.6 26.5 32.8
(97.3)  (93.9) (99.1) (95.4)
1966 495 389 1112 1369
49.1 38.5 20.3 15.1
(100.0) (83.8) (100.0) (99.9)
1967 254 236 1791 1626
49.8 21.9 15.6 13.2
(99.6)  (98.7) (99.8) (99.6)
1968 639 458 856 2121
35.7 32.3 16.1 13.9
(74.3)  (100.0) (100.0) {100.0)
1969 523 185 1044 1972
57,9 30.8 23.4 16.5
(99.8)  (98.9) {100.0) (20.1)
1970 419 175 1398 1234 669 358 1023 1146
25.5 3l.2 21.9 13.6 37.1 31.8 15.0 14.2
(100.0)  {97.7) {90.4) (99.4) {100.0) {100.0) {100.0)  (100.0)
1971 597 123 1427 1772 686 508 1382 1979
25.1 15.8 13.8 11.0 27.0 22.3 9.6 11.1
(100.0)  (69.9) (100.0)  (100.0) (99.4) (93.1) (96.9) (160.0)
1972 363 271 1402 1286 866 270 1043 1467
26.3 13.2 10.8 8.0 22.9 23.1 7.0 11.4
(100.0)  {94.1) (99.8) (99.9) 176.7) (93.2) (100.0)  (99.8)
1973 626 448 1450 1883 84l 761 1739 1661
16.4 16.0 11.2 8.2 13.6 1.1 6.2 7.4
(100.0)  (97.8) (100.0)  (100.0) (96.7) (99.9) (100.0)  (100.0)
1974 638 783 217 1478 1181 487 1755 2643
15.5 12.2 7.1 7.5 10.7 12.0 4.8 6.2
(100.0)  (93.0) (100.0)  (99.4) (100.0) (100.0) (96.3) (74.9)
1975 523 601 863 852 818 506 1480 1910
13.6 11.6 9.7 5.2 10.6 9.8 5.6 6.2
(100.0)  (94.5) (100.0)  (100.0} {100.0) (99.4) (100.0)  (82.3)
1976 368 551 1388 1455 993 547 1448 1563
10.8 8.5 7.4 4.9 8.8 7.9 4.3 5.5
(100.0)  (99.8) (99.9) (99.2) {100.0) (99.8) (98.4) (69.0)
1977 400 372 625 784 613 483 1067 2387
10.9 9.1 6.8 4.3 8.0 6.8 3.5 5.3
(100.0)  (97.0) (100.0)  (100.0) (100.0) (99.2) (99.9) {100.0)
1978 500 429 1075 1138 1236 550 1082 1734
10.2 9.8 6.6 4.6 7.0 9.8 3.9 6.6
(98.8)  (99.5) (100.0)  (98.3) {100.0) (77.8) (84.3) (100.0)
1979 512 307 721 a7 425 272 1478 1197
8.5 7.6 5.5 4.7 8.3 8.0 3.4 5.5
(100.0)  (97.4) (99.9) (97.9) {79.3) (99.6) (98.7) (100.0)
1980 415 169 1035 843 448 778 a19 789 1845
7.2 8.1 5.2 3.9 7.7 5.2 7.3 2.8 4.0
(99.5)  {78.1) (100.0)  (98.2) {100.0) (100.0) (99.3) (99.4)  (100.0)
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APPENDIX A (continued)

ADELAIDE ALICE SPRINGS  BRISBANE BUNDABERG  CAMPBELLTOWN  CAPE GRIM  CHARLEVILLE CLAREDALE DARWIN

LATITUDE 34 578 23 498 27 285 24 528 34 058 40 418 26 258 19 358 12 258
LONGITUDE 138 32E 133 S54E 153 02E 152 218 150 49E 144 41E 146 17 147 24E 130 52E
ELEVATION 6.0 m 545.0 m 38.0m 14.0m 75.0m 94.0 m 303.9 m 10.0m 31.0m
1981 537 310 1481 973 904 ° 854 427 1326 2164
6.0 6.6 4.5 3.4 5.9 5.6 6.0 3.3 3.7
(99.8) (97.4) (100.0) (100.0) (99.1) (98.0) (99.5) (96.2) (99.9)
1982 286 294 1088 985 413 573 245 400 1495
5.9 6.3 4.7 3.6 5.4 4.4 6.5 4.2 4.6
(99.6) {100.0} (99.8) (96.9) (100.0) (100.0) (96.7) (97.0) (99.9)
1983 576 549 1471 838 680 1885
6.6 5.5 4.2 5.2 4.7 4.1
(99.7) (99.6) (100.0) (100.0) (94.6) (98.3)
1984 390 289 1041 916 736 1949
5.6 5.5 3.9 5.3 4.2 3.2
(100.0) (99.3) (97.2) (100.0) (100.0) (100.0)
1985 379 121 1142 776 1233
5.7 5.3 4.0 4.3 3.3
(99.2) (98.3) (100.0) (100.0) (99.9)
1986 482 394 779 781 1738
5.8 5.1 4.3 4.4 3.6
(99.8) (100.0) (100.0) (100.0) (94.1)

Years 1962 to 1969 pata from Envircamental Isotope Data : World Survey of Isotope Concentration in Precipitation

Years 1970 to 1986 Data from Australian Atomic Energy Commission Tritium Lists.

1980 415  Precipitation in mm
7.2 Yearly weighted mean for tritium (T U), weighted by the total amount of Precipitation

(99.5) Percentage of the total precipitation for which tritium data are available to calculate
the weighted means.
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APPENDIX A (continued)
HOBART LONGREACH MACKAY MELBOURNE NARRABRI WEST PERTH SYDNEY TOOWOOHBA
LATLITUDG 42 53s 23 26§ 21 07s 37 49s 30 208 31 568 33 528 27 358
LONGITUDE 147 20E 144 17E 149 13E 144 58E 149 45E 115 58E 151 12E 151 S6E
ELEVATION £5.2 m 191.0m 6.0m 34.7 m 212.0m 20,0 m 92.0m 675.0m
1962 588 ns3
17.2
(42.7)
1963 746 998
47.1 24.8
{98.5) (97.8)
1964 706 976
51.9 30.4
(89.1) (78.6}
1965 592 942
55.2 33.2
{99.8) (93.4)
1966 683 415
55.5 33.7
(100.0) (98.8)
1967 334 1036
55.0 21.4
(100.0) (100.0}
1968 516 931
40.7 21.8
(100.0) {99.6)
1969 627 574
18.8 19.3
(100.0) (100.0)
1970 781 285 1554 803 708 845 1028 812
29.7 23.4 8.8 38.4 37.5 20.6 30.95 22.8
(100.0} (88.0) (100.0) (100.0) (66.1) (99.9) {100.0) {100.0)
1971 752 469 1699 775 748 774 988 972
32.1 20.3 9.1 35.1 37.1 16.3 22.8 18.9
(100.0) (74.4) (100.0) (100.0) (42.4) (89.3) (87.8) (97.4)
1972 451 305 1741 564 657 576 1307 915
24.9 18.2 6.9 26.8 23.4 12.6 18.1 16.0
(100.0) (99.3) (99.7) {99.8) {91.6) (99.8) (99.8) {100.0)
1973 604 606 1767 819 796 915 1388 1020
16.4 9.8 5.0 20.1 17.0 11.2 14.7 12.1
{100.0) (99.7) {100.0) (96.3) (82.5) (100.0}) (100.0) (100.0)
1974 1014 564 2307 802 576 875 1452 1256
16.7 7.7 4.0 17.0 14.0 8.9 8.9 10.1
(100.0) (99.2) {88.4) {100.0} (75.2} (73.3) (100.0) {100.0)
1975 827 457 1710 710 663 692 1293 1202
13.9 8.8 4.3 18.7 12.3 9.3 10.8 10.7
(100.0) (99.6) (100.0) {100.0) 99.7) (99.9) (97.8) (99.3)
1976 665 467 2248 503 755 710 1784 1164
9.6 6.3 3.8 17.0 9.2 8.0 7.8 7.3
(100.0) (100.0) (99.4) {100.0} (99.2) (100.0) (100.0) (100.0)
1977 495 548 1534 605 910 615 925 868
9.7 6.1 3.6 11.4 9.0 6.7 7.9 6.3
(100.0) (90.9) {99.5) {100.0) (84.8} (99.7) (100.0) (98.6)
1978 608 461 1409 867 872 823 1499 1234
8.4 8.1 3.7 11.2 9.5 6.5 7.5 7.4
(100.0) (99.3) (100.0) (100.0) 87.7) (100.0) (100.0) {100.0)
1979 391 295 2483 543 483 568 814 920
9.4 6.1 3.6 11.1 10.3 5.2 7.8 6.4
(99.5) {98.6) (100.0} (100.0) (63.6) (100.0) {100.0) (100.0)
1980 465 598 1183 644 486 700 736 954
7.0 6.2 3.2 8.9 8.1 5.1 5.7 6.7
(100.0} (100.0) (100.0) (100.0) (41.2) (100.0} {100.0) (100.0)
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APPENDIX A (continued)
HOBART  LONGREACH MACKAY  MELBOURNE NARRABRI WEST PERTH SYDNEY TOOWOOMBA
IATITUDE 42 535 23 26§ 21 078 37 49§ 30 208 31 568 33 528 27 358
LONGITUDE 147 20E 144 17E 149 13E 144 SBE 149 4SE 115 58E 151 12E 151 S6E
ELEVATION 55.2 m 191.0m 6.0 m 3.7 m 212.0 m 20.0m 92.0 m 675.0 m
1981 548 452 1359 602 547 791 1038 1479
6.3 4.1 3.2 8.1 5.3 4.5 5.0 5.3
(100.0)  (90.5) (93.7) {100.0) (75.0) (99.9) (100.0) {100.0)
1982 398 173 980 422 406 665 838 896
5.4 6.5 3.0 6.9 5.8 5.6 5.1 6.2
(100.0)  (99.4) 99.7) (100.0) (93.3) (100.0) (100.0) {100.0)
1983 381 1382 612 973 721
4.2 3.0 8.2 6.1 4.5
(87.1) (100.0)  (99.8) (100.0) (100.0)
1984 379 821 563 888 748
4.1 2.8 6.5 5.5 4.1
(96.3) {100.0)  (100.0) (98.9) (99.9)
1985 272 1626 679 478 620
5.1 2.7 6.4 6.9 4.4
(93.4) (100.0)  (99.1) (60.5) (94.8)
1986 421 1585 487 465 901
4.5 2.6 5.3 5.4 4.4
(98.1) (100.0)  (65.7) (89.0) (99.8)




